Edwards A, Castrop H, Laghmani K, Vallon V, Layton AT. Effects of NKCC2 isoform regulation on NaCl transport in thick ascending limb and macula densa: a modeling study. Am J Physiol Renal Physiol 307: F137-F146, 2014. First published May 21, 2014 doi:10.1152/ajprenal.00158.2014.-This study aims to understand the extent to which modulation of the Na ϩ -K ϩ -2Cl Ϫ cotransporter NKCC2 differential splicing affects NaCl delivery to the macula densa. NaCl absorption by the thick ascending limb and macula densa cells is mediated by apical NKCC2. A recent study has indicated that differential splicing of NKCC2 is modulated by dietary salt (Schie␤l IM, Rosenauer A, Kattler V, Minuth WW, Oppermann M, Castrop H. Am J Physiol Renal Physiol 305: F1139 -F1148, 2013). Given the markedly different ion affinities of its splice variants, modulation of NKCC2 differential splicing is believed to impact NaCl reabsorption. To assess the validity of that hypothesis, we have developed a mathematical model of macula densa cell transport and incorporated that cell model into a previously applied model of the thick ascending limb (Weinstein AM, Krahn TA. Am J Physiol Renal Physiol 298: F525-F542, 2010). The macula densa model predicts a 27.4-and 13.1-mV depolarization of the basolateral membrane [as a surrogate for activation of tubuloglomerular feedback (TGF)] when luminal NaCl concentration is increased from 25 to 145 mM or luminal K ϩ concentration is increased from 1.5 to 3.5 mM, respectively, consistent with experimental measurements. Simulations indicate that with luminal solute concentrations consistent with in vivo conditions near the macula densa, NKCC2 operates near its equilibrium state. Results also suggest that modulation of NKCC2 differential splicing by low salt, which induces a shift from NKCC2-A to NKCC2-B primarily in the cortical thick ascending limb and macula densa cells, significantly enhances salt reabsorption in the thick limb and reduces Na ϩ and Cl Ϫ delivery to the macula densa by 3.7 and 12.5%, respectively. Simulation results also predict that the NKCC2 isoform shift hyperpolarizes the macula densa basolateral cell membrane, which, taken in isolation, may inhibit the release of the TGF signal. However, excessive early distal salt delivery and renal salt loss during a low-salt diet may be prevented by an asymmetric TGF response, which may be more sensitive to flow increases. differential splicing; epithelial transport; low-salt diet; mathematical modeling; tubuloglomerular feedback; salt homeostasis; blood pressure THE KIDNEY PLAYS AN ESSENTIAL role in blood pressure regulation by means of short-term and long-term control of water and salt balance. About 25% of the filtered NaCl is reabsorbed by the thick ascending limb (TAL) of the loop of Henle. Because TAL cells are largely water impermeable, the reabsorption of NaCl is not accompanied by water reabsorption, resulting in a decrease in luminal NaCl concentration ([NaCl]) from ϳ250
THE KIDNEY PLAYS AN ESSENTIAL role in blood pressure regulation by means of short-term and long-term control of water and salt balance. About 25% of the filtered NaCl is reabsorbed by the thick ascending limb (TAL) of the loop of Henle. Because TAL cells are largely water impermeable, the reabsorption of NaCl is not accompanied by water reabsorption, resulting in a decrease in luminal NaCl concentration ([NaCl]) from ϳ250 mM at the loop bend of a superficial nephron to as low as 20 mM (38, 44) , together with a substantial reduction in tubular fluid osmolality, at the end of the cortical TAL. There, luminal [NaCl] is detected by the macula densa cells, which form a cluster of specialized sensor cells that detect changes in distal tubular fluid composition and convey signals to the glomerular arterioles. An increase in luminal [NaCl] at the macula densa generates a signaling cascade that ultimately induces vasoconstriction of the afferent arteriole and reduces glomerular filtration rate. This feedback mechanism, called tubuloglomerular feedback (TGF), balances TAL NaCl load with transport capacity and stabilizes NaCl delivery to the distal nephron downstream, where fine regulation of NaCl homeostasis takes place (42) .
Sodium reabsorption along the TAL was initially thought to be passively driven by the favorable transepithelial electric potential gradient (4) . Several scenarios were later proposed to explain the coupling between the active transport of Cl Ϫ and that of Na ϩ (5). The first descriptions of Na ϩ -K ϩ -Cl Ϫ cotransport activity in the TAL were published in the early 1980s (15, 17) . We now understand that NaCl reabsorption in this segment is mediated on the apical side by the Na ϩ -K ϩ -2Cl Ϫ cotransporter NKCC2, which carries Na ϩ , K ϩ , and Cl Ϫ from the lumen into the cell. Na ϩ is subsequently extruded across the basolateral membrane by Na ϩ -K ϩ -ATPase pumps, whereas Cl Ϫ exits via basolateral K ϩ -Cl Ϫ (KCC) cotransporters or Cl Ϫ channels (14, 21, 22) . K ϩ is partly recycled by apical renal outer medullary K ϩ (ROMK) channels. Similarly, NKCC2 provides the primary mean for NaCl entry into the macula densa cells (25) .
Three splice variants of NKCC2 are known to exist: A, B, and F. These isoforms differ markedly in their ion affinities. Variations among studies and species notwithstanding, NKCC2-B has a higher affinity for Cl Ϫ than NKCC2-A, whose affinity in turn exceeds that of NKCC2-F (10, 11, 32) . The distribution of these isoforms varies along the different segments of the TAL, which may optimize the efficiency of NaCl uptake, given the large decrease in luminal [NaCl] along the TAL. In the rat kidney, isoform-specific RT-PCR indicates that NKCC2-F is localized in the medullary TAL, NKCC2-A in the medullary and cortical TAL as well as in macula densa cells, and NKCC2-B in the cortical TAL and macula densa cells (51) .
In a recent study, Schie␤l et al. (36) observed that the differential splicing of NKCC2 is modulated by dietary salt intake. A low-salt diet elicits a shift from NKCC2-A towards NKCC2-B, primarily in the cortical TAL and macula densa cells. The goal of the present study was to understand the extent to which modulation of NKCC2 differential splicing affects NaCl uptake by the TAL. To accomplish that goal, we developed a mathematical model of epithelial transport in the TAL, including the macula densa, and used that model to examine the regulation of NaCl transport in those segments. Specifically, we aimed to assess the validity of the hypothesis that the differential splicing of NKCC2 contributes to the capacity of the kidney to adapt to changes in reabsorptive needs.
MATHEMATICAL MODEL
We extended an epithelial cell-based model of the TAL of the loop of Henle of a superficial nephron in a rat kidney to include the macula densa plaque. The model TAL consists of a 2.5-mm medullary TAL (mTAL) segment and a 3.5-mm cortical TAL (cTAL) segment. The cTAL is assumed to be contiguous with a cluster of macula densa cells.
TAL model. The transport of water and solutes across the mTAL and cTAL is determined following the approach of Weinstein (46) , and urea. The (fixed) peritubular concentrations are homogeneous in the cortex and vary along the cortico-medullary axis in the outer medulla; see Table 1 . In each simulation, we also specify the composition of the luminal fluid at the mTAL inlet. At a given axial position along the mTAL and cTAL, the flow rate (or cysotolic volume), electric potential, and solute concentrations in the lumen and cells are obtained by solving steady-state conservation equations for volume, charge, and mass, respectively. The Weinstein model is modified in two respects: the total length of the TAL is increased to 6 mm; we also account for the transport of Ca 2ϩ , which is reabsorbed only via the paracellular pathway in the TAL. The permeability of the mTAL and cTAL to Ca 2ϩ is taken as 4.2 and 8.4 ϫ 10 Ϫ5 cm/s, respectively. All other TAL parameter values can be found in Table 1 in Ref. 48 . They are identical in mTAL and cTAL, except for the density of NKCC2 (see below).
Macula densa model. The cluster of macula densa cells is represented by one model macula densa cell (Fig. 1) , which differs from the model cTAL cell in the following respects: it does not include a basolateral KCC4 cotransporter, since no studies have reported its presence in the macula densa; the basolateral K ϩ conductance is reduced by a factor of 10; and the abundance of apical K ϩ (ROMK) channels is increased by a factor of 2 relative to the cTAL (19). (27) . In the present rat model, we assume that Na ϩ -K ϩ -ATPase expression is 20% lower in macula densa cells than in cTAL cells, so as to account for lower detection levels in the former (49) . The Na ϩ affinity of the pump is also taken to differ, since the rat macula densa, in contrast to the cTAL, expresses significant levels of the ␥-subunit of the Na ϩ -K ϩ -ATPase (49), which is characterized by higher antagonistic effects of intracellular K ϩ on the binding of Na ϩ to cytoplasmic sites. The affinity of the Na ϩ -K ϩ -ATPase to Na ϩ in macula densa cells is taken as (33)
where [K ϩ ]i denotes the intracellular (cytosolic) concentration of K ϩ . In addition, macula densa cells are significantly permeable to water. The osmotic permeability of the apical and basolateral cell membrane is taken as 130 and 1,700 m/s, respectively, so the net transepithelial permeability equals 125 m/s (12) . In comparison, the osmotic permeability of the collecting duct in the presence of vasopressin is ϳ500 m/s (34) .
Parameter values for macula densa cells are summarized in Table 2 . The distribution of NKCC2 isoforms A, B, and F is given in Table 3 . It should be noted that apical Na ϩ /H ϩ exchange is mediated by NHE2 in macula densa cells and by NHE3 in TAL cells (31) . The apparent affinity of NHE2 to Na ϩ is ϳ10 times higher than that of NHE3 (52) . Nevertheless, in the absence of a full kinetic model of NHE2, we use that of NHE3 instead.
To validate the macula densa model, we compared its predictions with experimental results. Under basal ex vivo conditions, the peritubular fluid was assumed to contain the following (in mM): 145 NaCl, 5 NaHCO 3, 5 KCl, 1.5 CaCl2, 1.6 Na2HPO4, 0.4 NaH2PO4, and 5 glucose. The composition of the luminal fluid differed in that luminal [NaCl] was lowered to 25 mM and isoosmotically replaced with an impermeant. ] i increase in turn stimulates the electrogenic efflux of Cl Ϫ via the basolateral Cl Ϫ conductance and makes V bl less negative, which affects the TGF signal. The present model does not explicit represent the TGF signaling mechanism. However, as further discussed below, depolarization of the macula densa basolateral membrane has been proposed as a mechanism for initiation of the TGF signal (1). The apical NHE flux is predicted to decrease owing to the high [Na ϩ ] i . Note that the predicted [Na ϩ ] i does not reach the plateau that has been observed in rabbit macula densa cells (30) .
RESULTS

Macula
We then simulated variations in peritubular [Na
under isoosmotic conditions. While such a maneuver is of limited physiological relevance in vivo, it has been used in isolated preparations of the juxtaglomerular apparatus. As shown in Table 4 , our model predicts a 24.8-mV depolarization when peritubular [NaCl] is decreased from 145 to 25 mM, slightly less than the measured value of 29 mV (24) . In accordance with experimental findings (24, 37), a 120-mM decrease in peritubular [Cl Ϫ ] is predicted to depolarize V bl , whereas a 120 mM decrease in peritubular [Na ϩ ] is predicted to hyperpolarize V bl . Indeed, lowering peritubular [NaCl] In vivo, the luminal fluid at the macula densa is significantly hyposmotic relative to the interstitial fluid. Moreover, the luminal concentration of NH 4 ϩ in the early distal tubule is Ͼ1 mM (20, 39) , whereas the previous simulations were done in the presence of low NH 4 ϩ (0.010 mM). Based on the results of our TAL model (described below), we computed macula densa transcellular fluxes and cytosolic concentrations when the luminal concentrations of Na ϩ , K ϩ , and Cl Ϫ are, respectively, 44, 2.5, and 34 mM. In addition, luminal pH was set to 6.60, and the luminal concentrations of HCO 3 Ϫ , ammonia species, phosphate species, and urea were taken as 4, 1.7, 9, and 12 mM, respectively. As shown in Fig. 1 , under these conditions NKCC2 mediates a small amount of NaCl reabsorption. The Na ϩ flux across NKCC2 (ϳ20 pmol·min Ϫ1 ·mm Ϫ1 ) is about four times lower than that across the apical NHE. The model also predicts that, with so little K ϩ in the luminal fluid, NKCC2 extrudes K ϩ into the tubular fluid. In other words, a small fraction of the cotransporter secretes K The macula densa expresses the NKCC2 isoforms A and B in a 1:1 ratio when rats are fed a standard salt diet (36) . Under the conditions shown in Fig. 1, NKCC2 ϩ ] along the TAL are shown in Fig. 4 . The changes in the slopes of the profiles, seen at the cortico-medullary junction, arise from the abrupt change in epithelial transport properties at that boundary. In particular, the distribution of NKCC2 isoforms, and the total amount of transporter, vary significantly between the medullary and cortical TAL ( ϩ -ATPase provides the driving force for Na ϩ reabsorption, diluting its luminal concentration from 250 mM at the loop bend to 44.3 mM at the macula densa. The luminal concentration of the major anion Cl Ϫ decreases correspondingly from 233 to 33.5 mM. In the outer medulla, paracellular fluxes account for a substantial fraction of the NaCl reabsorptive fluxes; in the upper cortex, however, an unfavorable electrochemical gradient develops and the paracellular NaCl fluxes reverse direction. That prediction is consistent with a previous modeling study (28) . It is noteworthy that luminal [Cl Ϫ ] exhibits a significant decreasing slope at the macula densa, an indication that the system has not reached a static head, when transcellular Cl Ϫ reabsorption is nearly balanced by paracellular backleak. A nearly flat [Cl Ϫ ] profile near the macula densa would render TGF ineffective.
The transepithelial membrane potential (V te ) increases from 2.7 mV at loop bend to 11.4 mV at the macula densa. Owing to the recycling of K ϩ and NH 4 ϩ across the luminal membrane, V te is lumen positive, which partially compensates for the unfavorable transepithelial [Na ϩ ] gradient established in the cortex. Low-salt-induced differential splicing of NKCC2 increases TAL NaCl reabsorption. Schie␤l et al. (36) reported that dietary salt intake modulates the differential splicing of NKCC2. During salt depletion (i.e., a prominent negative salt balance, and not just a low-salt diet), TAL tubular fluid flow is believed to decrease, due to lower glomerular filtration rate and higher proximal tubular reabsorption (7, 9, 45, 50) . To study the effects of varying NKCC2 expression levels on TAL NaCl reabsorption, we conducted simulations in which the loop-bend fluid flow was reduced from 6.0 to 4.6 nl/min. This value was estimated by reducing the baseline flow in inverse proportion to the measured increase in fractional reabsorption by the proximal tubule in salt-depleted mice (50) . Inflow solute concentrations were unchanged. The expression levels of the three NKCC2 isoforms in each segment were modified as shown in Table 3 .
Note first that at low flow, NKCC2 is predicted to transport NaCl in the reverse direction at the macula densa, owing to reduced luminal concentrations (see below). That is, the majority of NKCC2 cotransporters carry Na ϩ , Cl Ϫ , and K ϩ from the cytosol to the lumen, while a smaller fraction carries Na ϩ , Cl Ϫ , and NH 4 ϩ into the cell. Since the NKCC2 flux is smaller than the NHE flux, the macula densa cell still mediates net Na ] are predicted to be 36.4 and 21.0 mM, respectively, which correspond to an additional reduction of 3.7 and 12.5%, respectively, in delivery to the distal tubule. In other words, our model predicts that the shift from NKCC2-A to NKCC2-B enhances NaCl reabsorption along the TAL.
A low-salt diet not only modulates the relative abundance of NKCC2 isoforms but also increases the overall expression levels of NKCC2 (Table 3) . As discussed by Weinstein (47) , substantial modulation of transepithelial fluxes may require the coordinated regulation of luminal and peritubular transporters. It is therefore likely that low-salt-induced increases in NKCC2 abundance are accompanied by the upregulation of basolateral Table 5 .
To assess the robustness of our prediction that splicing changes affect NaCl delivery to the macula densa, we then conducted a sensitivity study. We varied the values of selected model parameters and computed the differences in macula densa luminal [Na ϩ ] and [Cl Ϫ ] with baseline and low-salt induced NKCC2 isoform expressions. In separate sets of simulations, we varied by Ϯ25% the apical NHE density, the apical permeability to K ϩ , or Na ϩ -K ϩ -ATPase expression in the mTAL; else we varied by Ϯ25 mM the loop-bend luminal [NaCl]; else we assumed a 2-mm mTAL (reduced from a base-case length of 2.5 mm) with a 3.5-or 4-mm cTAL. Our results suggest that the finding that the low-saltinduced differential splicing of NKCC2 increases TAL NaCl reabsorption is robust: together these simulations predicted that the isoform switch decreases macula densa luminal [Na Effects of NKCC2 differential splicing on TGF. We then considered the effects of NKCC2 differential splicing on TGF, with a focus on the V bl of macula densa cells, since the TGF signaling mechanism is not explicitly represented in the model. We conducted simulations for a range of mTAL inflow rates, from 3.6 to 8.0 nl/min, for base-case and low-salt NKCC2 isoform expressions at the macula densa. With NKCC2 isoform distribution along the TAL assumed to reflect low-saltinduced NKCC2 splicing in both cases, luminal [Cl Ϫ ] at the macula densa ranged from 18 mM at 3.6 nl/min to 48 mM at 8.0 nl/min. The predicted V bl as a function of mTAL inflow rates is shown in Fig. 5 . The low-salt diet elicits an increase in both the amount and relative proportion of NKCC2-B at the macula densa. Since NKCC2-B has a higher affinity to NH 4 ϩ compared with NKCC2-A, the model predicts that the shift acidifies the macula densa cell, thus stimulating Na ϩ entry via the Na ϩ /H ϩ exchanger; the subsequent activation of Na ϩ -K ϩ -ATPase pumps slightly hyperpolarizes the basolateral membrane. Our results also suggest that the impact of the isoform shift on macula densa V bl decreases with increasing flow rate, that is, with increasing luminal NaCl. The V bl reduction is blunted as the flow rate is raised because luminal and cytosolic [Na ϩ ] and [NH 4 ϩ ] are then higher; the isoform switch thus has lesser effects on ionic fluxes across NKCC2, NHE and Na ϩ -K ϩ -ATPase. Together, these results indicate that for the same luminal [Cl Ϫ ] at the macula densa, the low-salt-induced shift from NKCC2-A to NKCC2-B at the macula densa hyperpolarizes the basolateral membrane.
In Fig. 5 , the operating point corresponding to the low-salt case with the NKCC2 isoform switch in both the TAL and macula densa is assumed to be at 4.6 nl/min and is marked by the closed circle; the operating point for normal-salt flow, which is assumed to be at 6 nl/min, is marked by the open circle. The normal-salt operating point lies in the steeper part of the response curve, so that TGF is similarly sensitive to both increases and decreases in tubular flow. In contrast, the lowsalt operating point lies in the relatively flat portion of the curve, which is concave upward. The implication for hemodynamic control is that, in the low-salt case, further reductions in tubular flow induce a relatively small degree of hyperpolarization, thereby preventing excessive dilation and increases in filtration. Conversely, significant increases in tubular flow result in a pronounced constrictive response. The impact of a low-salt diet on TAL NaCl transport and TGF signal is summarized in Fig. 6 .
DISCUSSION
Macula densa model. We expanded the TAL model developed by Weinstein (46) and Weinstein and Krahn (48) to include the macula densa. Our model of rat macula densa cells reproduces experimental measurements in rabbit macula densa cells over a range of conditions. Predicted variations in basolateral membrane potential (V bl ) and intracellular concentrations, following changes in bath or lumen composition, generally agree well with measured values. Under ex vivo conditions, the predicted [Na ϩ ] i is ϳ10 mM lower than measured values in rabbits. This discrepancy may be due to interspecies differences; as noted above, the abundance of Na ϩ -K ϩ -ATPase pumps may vary significantly between rabbits and rodents.
Our simulations indicate that under normal-and low-flow conditions, the rate of NaCl transport across NKCC2 is limited at the macula densa, that is, NKCC2 operates near its equilibrium state. Other factors affecting ATP release, adenosine formation, or adenosine− mediated vasoconstriction Fig. 6 . Impact of a low-salt diet on thick ascending limb NaCl transport and tubuloglomerular feedback (TGF) signal. The low-salt-induced elevation in NKCC2-B expression along the cortical thick ascending limb (cTAL) decreases early distal NaCl delivery. The NKCC2 isoform shift also hyperpolarizes the basolateral membrane (Vbl) of macula densa cells, which, taken in isolation, may inhibit the TGF signal (basolateral ATP release). A low-salt diet may have other effects on the TGF signal (e.g., enhanced adenosine formation via 5=-ectonucleotidase; facilitation of adenosine-mediated vasoconstriction by angiotensin II), which eventually yield a lower glomerular filtration rate and tubular load. An asymmetric TGF response, such that further reductions in flow induce limited vasodilation, whereas elevations in flow result in pronounced decreases in filtration, may prevent excessive salt loss. SNGFR, single nephron glomerular filtration rate.
Adaptation to low-salt diet. A major motivation behind this work was to assess whether the observed modulation of the differential splicing of NKCC2 by dietary salt intake contributes to the adaptative capacity of the kidney. A low-salt diet produces a shift from NKCC2-A to NKCC2-B both in the outer medulla and the cortex (36) . Because NKCC2-B has the highest affinity to Cl Ϫ among the three isoforms, the shift should in principle enhance NaCl reabsorption by the TAL and promote salt retention. We found that per se, low-salt dietinduced variations in NKCC2 expression significantly increase transepithelial NaCl transport along the TAL; by themselves, these variations are predicted to reduce the delivery of Na ϩ and Cl Ϫ to the macula densa by 3.7 and 12.5%, respectively. NKCC2 is likely not the only rate-limiting factor in salt reabsorption. As noted, a low-salt diet not only alters the relative distribution of NKCC2 isoforms, it also increases the overall abundance of the transporter (36) . While this net increase in NKCC2 expression (about 30% in the mTAL and 100% in the cTAL) augments NaCl reabsorption in the TAL, the basolateral sodium pump also represents a rate-limiting step for transport. It has been argued that transporter density changes that are restricted to the luminal membrane cannot generate significant variations in transcellular fluxes (47) . In the distal nephron, for example, aldosterone regulates Na ϩ transport by controlling the transcription of both apical epithelial Na ϩ (ENaC) channels and basolateral Na ϩ -K ϩ -ATPase pumps (8) . When we assumed that the expression of Na ϩ -K ϩ -ATPase increases in parallel with that of NKCC2, the model predicted larger reductions in the delivery of Na ϩ and Cl Ϫ to the macula densa (Table 5) .
TGF signal. TGF is a negative feedback process in which the Cl Ϫ concentration of the tubular fluid flowing past the macula densa is sensed and the single nephron glomerular filtration rate is adjusted accordingly. Aspects of the TGF signaling pathway remain controversial. Nonetheless, there is strong evidence that ATP is released by the macula densa cells while adenosine, via activation of adenosine A 1 receptors on mesangial cells and/or afferent arteriole smooth muscle cells, induces final vasoconstriction (2, 6, 40, 41) . ATP can be released via maxi-anion channels present on the basolateral membrane of macula densa cells (2) . The molecular nature of these channels and the mechanisms that control the opening and closure of this ATP pathway remain unclear; one proposed mechanism is the depolarization of the macula densa basolateral membrane (1) . Simulations using the present model suggest that low-salt-induced variations in the differential splicing of NKCC2 hyperpolarize the basolateral membrane, in particular at low-flow rates (see Fig. 5 ), a result that, per se, may indicate reduced ATP release.
Komlosi et al. (23) observed similar ATP release from macula densa cells around the expected operating points in rabbits fed a low-salt vs. normal-salt diet, assuming that ambient [NaCl] at the macula densa under these conditions is 20 vs. 20 -40 mM, respectively. Whether a low-salt diet or salt depletion alters the effects of V bl on basolateral ATP release is not known. These conditions, however, are expected to lower macula densa neuronal nitric oxide (NO) synthase activity and NO formation. Further, local NO formation in isolated glomeruli has been shown to suppress the activity of 5=-ectonucleotidase (35) , which contributes to the critical local formation of adenosine as the final mediator of TGF (6, 18) . Therefore, a low-salt diet and salt depletion may enhance 5=-ectonucleotidase activity in the juxtaglomerular apparatus, which is expected to facilitate local adenosine formation. Moreover, higher local angiotensin II concentrations will enhance the vasoconstrictor response to the generated adenosine (16) . Another explanation for the discrepancy between the experimentally observed similar ATP release and the model's predicted basolateral hyperpolarization is the possibility that a low-salt diet may affect the expression or regulation of the basolateral ATP-releasing pathway. Because the molecular nature of the ATP release mechanism is not known, this explanation is speculative.
Furthermore, an analysis of operating points on the TGF response curve (see What is different, however, is the markedly larger increase in ATP release in the low-salt diet group as luminal [NaCl] increases, compared with normal-salt diet group. That finding is coherent with our model's prediction that an increase in NaCl delivery to the macula densa elicits a larger relative change in V bl (depolarization) with low-salt NKCC2 expression at the macula densa.
Under low-flow conditions, the model predicts a decrease in luminal [Na ϩ ] and [Cl Ϫ ] at the macula densa, as observed experimentally. However, luminal [K ϩ ] is predicted to increase, in contrast to experimental findings by Vallon et al. (43) . The source of this discrepancy has yet to be clearly determined, but there are some differences between the experimental conditions and model simulations. For instance, luminal [NH 4 ϩ ] differs between the present model and the experiments by Vallon et al. Given that K ϩ and NH 4 ϩ compete for the same binding site on NKCC2, the presence of NH 4 ϩ , or the lack thereof, significantly affects K ϩ transport. It is also noteworthy that a previous modeling study, which uses an epithelial-based model of the TAL (28), predicted lower macula densa luminal [K ϩ ] at low tubular flow. However, that model does not account for all the transporters included in the present model; it also uses some paracellular permeabilities that differ substantially from measured values.
Our model predicts that increasing luminal [K ϩ ] depolarizes the basolateral membrane of the macula densa cells, thereby possibly inducing a constrictive TGF signal. This result suggests that if macula densa luminal [K ϩ ] varies in tandem with TAL tubular flow, then K ϩ can serve as a rate-limiting, positive regulator, or one of the regulators, in the TGF mechanism, as previously proposed and supported by micropuncture studies by Vallon et al. (43) .
In summary, our results suggest that with luminal solute concentrations consistent with in vivo conditions near the macula densa, NKCC2 operates near its equilibrium state and reverses direction when TAL flow is sufficiently reduced. Furthermore, the differential splicing of NKCC2 induced by a low-salt diet maintains salt balance by increasing TAL NaCl reabsorption. One limitation of this model is that it is formu-lated for steady state and, therefore, does not capture the TGF-mediated flow oscillations that have been observed experimentally (26) . In addition, the model represents an isolated TAL, surrounded by an interstitial fluid with a fixed composition, and thus does not consider the interactions between the TAL and neighboring tubules. Nonetheless, combined with an epithelial-based model of the proximal tubule and descending limb, the present model could be used as an essential component in models of integrated renal hemodynamics and transport regulation.
